Toward the development of structural and functional models of the oxygen evolving complex (OEC) of photosystem II (PSII), we report the synthesis of site-differentiated tetranuclear manganese complexes featuring three six-coordinate and one five-coordinate Mn centers. To incorporate biologically relevant second coordination sphere interactions, substituents capable of hydrogen bonding are included as pyrazolates with phenylamino groups. Complexes with terminal anionic ligands, OH − or Cl − , bound to the lower coordinate metal center are supported through the hydrogen-bonding network in a fashion reminiscent to the enzymatic active site. The hydroxide complex was found to to be a competent electrocatalyst for O-O bond formation, a key transformation pertinent to the OEC. In an acetonitrile-water mixture, at neutral pH, electrochemical water oxidation to hydrogen peroxide was observed, albeit with low (15%) Faradaic yield, likely due to competing reactions with organics. In agreement, 9,10-dihydroanthracene is electrochemically oxidized in the presence of this cluster both via H-atom abstraction and oxygenation at ~50% combined Faradaic yield.
Water oxidation as source of reducing equivalents for artificial photosynthesis is an appealing approach to solar energy conversion and storage. 1 The oxygen evolving complex (OEC) of photosystem II (PSII) is the biological catalyst for water oxidation to O 2 . 2 The OEC features a multinuclear active site, CaMn 4 O 5 , consisting of a cubane CaMn 3 O 4 moiety connected to a "dangling" Mn center; this cluster coordinates water ligands that are engaged in hydrogen bonding networks ( Figure 1A ). 2a, 3 Significant efforts have been focused on elucidating the mechanism of water oxidation by the OEC in PSII. 2a, 4 Given the complexity of PSII and the challenge to perform structure-function studies with the biological system, discrete cluster models have been targeted to provide insight into the function of the OEC. 5 Synthetic cluster models that display both Ca and Mn centers and a cubane moiety have been prepared, though they do not display catalytic activity. 6 Multinuclear Mn complexes capable of O-O bond formation are rare. 2b, 2d, 7 More generally, several discrete clusters of first row transition metals with structures reminiscent of the OEC have been reported to support O 2 evolution, although in situ formed heterogeneous metal oxides can be responsible for catalysis. 2b, 7g-i, 8 In some cases, the substrate oxygen has been proposed to be a terminal metal-oxo species. 2a,2b Deprotonations are an integral part of the conversion of water to such moiety. Furthermore, challenging redox steps can be facilitated by coupling of electron and proton transfers. 9 Toward gaining insight into the roles of protons in the chemistry of transition metals with oxygen, a variety of elegant strategies have been reported for supporting transition metal oxo and hydroxo chemistry with hydrogen bonding networks in mononuclear complexes. 10 Such strategies are significantly limited in the context of multinuclear complexes. Moreover, terminal oxo or hydroxo ligands are rare in multinuclear models of the OEC. 11 Herein, we report a synthetic strategy to access a Mn 4 cluster model of the OEC that has a dangling Mn motif, a terminal OH ligand, and second coordination sphere H-bonding to stabilize it ( Figure 1B ). This species demonstrates O-O bond formation under electrochemical conditions. Tetranuclear Mn 4 complexes were prepared in a one pot procedure starting from trinuclear precursor LMn 3 (OAc) 3 1 (Scheme 1). Addition of Ca(OTf) 2 (1.6 equiv) and [RNHPz]Na (3.5 equiv) to 1, 12 followed by iodosobenzene (PhIO) (1.0 equiv) and Mn(II) salt (1-2 equiv) results in the desired tetramanganese complexes. Ca(OTf) 2 facilitates the substitution of acetate ligands with pyrazolates. PhIO acts as the O-atom source for the incorporation of the interstitial oxide moiety. The additional equivalent of Mn(II) is the source of apical metal in the final cluster. 13 Solid-state structures of 2 and 3 were determined by XRD (Scheme 1). In both structures, the three basal Mn centers are in a distorted octahedral coordination environment with two bridging alkoxides, one pyrazolate, two pyridine, and a μ 4 -oxo ligands each. The apical Mn displays a trigonal bipyramidal geometry and is connected to the three basal Mn centers through the interstitial μ 4 -oxo ion. The Cl(1)-N(1) distance (3.056(7) Å) in 2 is slightly shorter than the range (3.238-3.326 Å) observed in a previously reported five coordinate mononuclear Mn-Cl complex with intramolecular hydrogen bonding networks indicating that all NH bonds engage in dative hydrogen bonding interactions with the chloride. 14 The Mn-μ 4 -oxo distances in 3 are consistent with the presence of two Mn(II) (Mn(3) and Mn (4)) and two Mn(III) (Mn(1) and Mn(2)). 13 These oxidation state assignments, charge balance, and localization of OH and NH hydrogens in the electron density map support the assignment of the apical ligand as a hydroxide. Compound 3 displays two short O-N distances between the hydroxide oxygen and the aniline nitrogens (2.774 (5) and 2.805(7) Å, for N(1) and N(2), respectively). These distances correspond to strong hydrogen bonding interactions, in the range previously reported (2.721-2.848 Å) for mononuclear Mn(III)-oxo species. 10a The geometry at nitrogen is consistent with the two anilines acting as hydrogen bond donors to the hydroxide lone pairs. The third O-N distance is longer (2.939(5) Å, to N(3)), and the orientation is consistent with the aniline serving as the hydrogen bond acceptor. The N(3)H bond acts as a hydrogen bond donor to a triflate ion. The differences in the hydrogen bonding interactions in 2 vs 3 highlight the versatility of the aniline moiety in accommodating both donor and acceptor functions. The Mn(1)-O(2) distance (1.874(3) Å) is comparable to a mononuclear complex displaying an intramolecular hydrogen bonding network, at 1.872(2) Å, suggesting that the coordination environment for the Mn(1)-OH moiety is similar to monomanganese species despite being part of a cluster. 10a All structural parameters are consistent with a cluster supporting a Mn(III)-coordinate terminal hydroxide that is engaged in several hydrogen bonds. Although the geometry of the donors and acceptors differs, the structural parameters are similar between the OEC and 3; the three non-hydrogen atoms closest to one of the OEC terminal oxygenic ligand are in the range of 2.67-3.04 Å (Figure 1 ), 3d which includes the range observed in 3 for the O(2)-N distances.
The electrochemical properties of 3 were investigated by cyclic voltammetry (Figure 2) . Two reversible one-electron redox events are observed at −0.72 and −0.21 and a quasireversible redox couple at 0.35 V vs Fc/Fc + . In the context of water oxidation by the OEC, the electrochemical behavior of 3 in the presence of water is of interest. Independently, compound 3 was found to be soluble and stable in MeCN/H 2 O mixtures containing up to 10 % volume water as observed by 1 H NMR spectroscopy ( Figure S13 ). The CV of 3 was recorded in the presence of various concentrations of water (Figure 2 ). Increased concentration of water correlates with increased current close to the second oxidation event, which is assigned to a catalytic process.
The catalytic wave observed upon addition of water suggests that compound 3 acts as water oxidation catalyst. In order to quantify the reaction products upon electrochemical oxidation, we performed controlled potential electrolysis (CPE) experiments at 0.57 V (vs Fc/Fc + ). as supporting electrolyte. The experiments were performed in a two-compartment cell separated by an anion-exchange membrane. In a typical experiment, with a total amount of 5.8 C passed charge over the course of 1.5 h (Figure S9 ), H 2 O 2 was detected with a Faradaic efficiency of ~15% using a chemiluminescence method with 10-acetyl-3,7-dihydroxyphenoxazine in combination of horseradish peroxidase ( Figure S1 ). 15 Addition of catalase to the reaction mixture after electrolysis produced O 2 as detected by gas chromatography, which is also consistent with the generation of H 2 O 2 by 3 ( Figure S2 ). The exact overpotential of the system remains undetermined due to the use of a mixture of solvents. The potential for water oxidation to O 2 drifts ~ 200 mV more positive in acetonitrile, 16 for example.
The low observed Faradaic yield for H 2 O 2 formation could be due to side reactions between the highly reactive species generated upon oxidation, such as Mn-oxo or Mn-(hydro)peroxo species, with organic moieties. To test this hypothesis, CPE was conducted in the presence of 9,10-dihydroanthracene (0.1 M) as a source of weak C-H bond to react with the intermediates. H 2 O 2 was not detected in this experiment and the combined Faradaic efficiency corresponding to 9,10-dihydroanthracene oxidation to anthracene and anthraquinone was 51% ( Figure S10 ). CV control experiments show that there is no oxidative wave for 9,10-dihydroanthracene in the absence of 3 at the applied potential of CPE experiments ( Figure S11 ). Stirring 9,10-dihydroanthracene in the presence of 3 without applied potential also results in no oxidized products. These observations are consistent with the generation of reactive intermediates that perform H-atom abstraction and oxygenation reactions of C-H bonds competitive with water oxidation. The lack of H 2 O 2 formation and the significant increase of the Faradaic yield in the presence of 9,10-dihydroanthracene indicate a faster reaction between the intermediates and the weak C-H bonds of this substrate than both H 2 O 2 formation and side reactions with the organic solvent.
To evaluate the stability of 3 during catalysis in more detail, electrochemical experiments reveal that the voltammogram traces remain unchanged for 200 continuous cycles over the course of 3 h ( Figure S12 ). After these scans, rinsing the electrode gently without polishing gave no catalytic wave and no redox features in a fresh electrolyte solution ( Figure S12 ). Similar rinsing experiments were performed after CPE and showed no consumption of charge ( Figure S9 ). These observations suggest that there is no deposition of catalytically active metal species on the electrode. Furthermore, to test the possibility of formation of heterogeneous MnO x catalysts via free Mn ions, chelating ligands were added to solutions of 3 during CV measurements. No decrease of catalytic current was observed ( Figures S14-16 ). 17 Additionally, dynamic light scattering measurements do not detect any nanoparticles ( Figure S20 ). These observations are consistent with the absence of MnO x formation from 3 in our electrochemical experiments. To evaluate whether other clusters that may form under the reaction conditions for the synthesis of 3 in small concentrations could be the active catalysts, several preparations were tested leaving some of the reagents out ( Figures S18-19 ). In all cases tested, smaller catalytic current was observed compared to 3 at the same concentration. Thus, the control experiments are consistent with 3 as the active molecular catalyst for water oxidation to H 2 O 2 .
In summary, we report the synthesis of tetranuclear manganese complexes displaying hydrogen bonding networks as more accurate structural models of the biological water oxidation catalyst that include second coordination sphere interactions. In particular, a cluster displaying a terminal hydroxide ligand is reminiscent of structural motifs involving the dangler Mn center of the OEC. Hydrogen bond donors and acceptors stabilize the terminal hydroxide ligand. This species supports electrocatalytic water oxidation to H 2 O 2 , albeit in low yield, in a rare demonstration of function (O-O bond formation) with a structural model of the OEC. Related to the mechanism of the biological system, the present results suggest that a terminal Mn-hydroxide moiety can serve as precursor to O-O bond formation chemistry. Importantly, control experiments are inconsistent with the generation of a heterogeneous active species, and support complex 3 as a discrete and well-defined electrocatalyst for water oxidation. Complex 3 is also able to perform both H-atom abstraction and oxygenation reactions with 9,10-dihydroanthracene under electrocatalytic conditions. Current studies are focused on the mechanistic aspects of these transformations.
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